Abstract. An application of a digital storage oscilloscope for nano-second timeresolved spectroscopic measurements is demonstrated in the range from the singlephoton region to the multi-photon region. In comparison to the time-correlated single photon counting (TCSPC) method, the measurement setup can be greatly simplified by averaging the signals measured by the oscilloscope. Moreover, the multi-photon events of the fluorescence emissions can be tracked by this simple setup although there still exist some disadvantages in the dynamic range of the signal due to radio frequency noise, and the temporal response of the photo-multiplier tube. This method can simplify time-resolved optical measurements in the nano-second range, such as fluorescence decay and time-of-flight measurements of diffusing light. Thus, this simple method will be applicable in many clinical and industrial uses.
Introduction
Among the various time-resolved spectrophotometric measurement methods, the most conventional one is the fluorescence decay time measurement of dyes, which reflects the information of its environment because the non-radiative process is critically dependent on its environment for many dyes (Lakowicz 1986) . Recently, attention has been given to the diagnosis of the biological tissues by means of the photometric measurements of intrinsic chromophores or optical tracers (Richards-Kortum and Sevick-Muraca 1996, Mycek and Pogue 2003) . The decay time is usually in the range from nano-second to subnano-second and is measured by the time-correlated single photon counting (TCSPC) method, or the phase and modulation method, and the transient recording method using a high-speed oscilloscope. The TCSPC method is the most sensitive and has the highest dynamic range because of the single photon counting method (O'Connor and Phillips 1984) . However, this method is only accurate under an assumption of a single photon event. The phase and modulation method and the transient recording method generally require a certain intensity level of detected light. If the fluorescence is sufficiently high, the transient recording method is the easiest. However, it does not cover the single photon counting region because of the relatively slow temporal resolution of the recorder. Averaging of the photoelectron pulses by a high speed digital oscilloscope is expected to overcome this limitation because the high speed time resolution of analogue to digital converter results in a sufficiently high signal to noise ratio of the photoelectron pulse with a high speed photomultiplier tube (PMT).
Recently, very high speed digital oscilloscopes have become commercially available. They can currently achieve a 20G data sampling under 6GHz bandwidth with an 8 bit resolution. Many triggering modes of these oscilloscopes can be applied to many types of transient measurements. The purpose of our report is to apply such an oscilloscope to nano-second fluorescence decay measurements in the range from single photon counting to multiple photon counting. We demonstrate the measurement using a rhodamine 123 solution as an example of the fluorescence decay measurement and discuss the advantages and the limitations of the oscilloscope method.
Material and Method
Rhodamine 123 (R123; Sigma, MO) aqueous solutions were used in the fluorescence decay measurements with various concentrations (1∼ 30µM). A 1M potassium iodide (KI) solution was titrated in the dye solutions in the quenching measurements.
The experimental setup is shown in figure 1 . A mode-locked Ti:sapphire laser (Mitai, Spectra Physics, CA) was the pulsed light source at the wavelength of 760nm with 80MHz repetition rate with about a 100fs pulse width, and about a 700mW power output. An electro-optic modulator (EOM; 350-160, ConOptics, CT) selected 1/8 ∼ 1/800 of 80MHz Ti:sapphire laser pulse train to reduce the repetition rate 10MHz ∼ 0.1MHz. The elimination ratio of the pulses by the modulator was about 1%. The insertion loss of the power of the pulses by the modulator was about 40%. A small fraction of the output pulses were reflected by a glass wedge plate and were monitored by an avalanche photo-diode (APD; S2381 ,Hamamatsu Photonics, Hamatsu, Japan) with a bias voltage of 170V as a reference signal. The APD signal was directly connected to the external trigger input of an oscilloscope (Wavemaster 8600A, LeCroy, NY). The main laser beam was converted into the ultra-violet (UV) light (380nm) by a β-barium borate (BBO) crystal. The UV light, separated from the fundamental laser light by a dielectric mirror, excited the sample from the bottom of a quartz sample cell. The fluorescence was focused by a lens placed at a 90
• angle from the excitation light source, to the entrance slit of a monochromator (P250, Nikon, Tokyo, Japan), and detected by a cooled PMT with multi-channel plates (MCP-PMT; R2809-07, Hamamatsu Photonics, Hamamatsu, Japan) operating at a -3kV bias voltage. The PMT signal was directly connected to the signal input of the oscilloscope.
TCSPC measurements were also carried out to evaluate the oscilloscope method. The optical system was the same as above. The details about the TCSPC electronics were described in our previous paper (Wakita et.al. 1995) .
The oscilloscope was operated with two types of signal averaging for the sampling frames. One was a simple averaging of events triggered by the reference signal (mode 1). This mode simply averages all the frames triggered by the reference signal whether the photoelectron signal was detected in the frame or not. The other type was an averaging with an event trigger mode (mode 2). This mode averages the only frames triggered by the reference signal including the photoelectron pulses. In other words, the averaging was performed with frames which included more than one photoelectron pulse. The LeCroy digital oscilloscope could be operated with this mode by "qualified trigger mode". In both modes, the threshold levels for the APD and the PMT were set at -40mV negative edge and at -10mV, respectively. All the measurements were carried out with 20G data sampling rate and real time averaging mode.
Results and Discussion
Figure 2 shows temporal profiles using the two modes with the oscilloscope and TCSPC methods at a 0.2MHz pulse repetition rate (1/400 of the Ti:sapphire laser pulse train). This relatively low repetition rate was due to the maximum anode current limit of the PMT. The sharp temporal profile in each figure shows the instrumental response curves measured by the excitation pulses scattered from the sample at 380nm. The other curves show temporal profiles of the fluorescence signal at 520nm from a 30µM R123 solution with a different count rate achieved by changing by the entrance slit and exit slit widths of the monochromator.
The full width of half maximum (FWHM) of the instrumental response was 0.10 ns by the TCSPC and 0.65ns by mode 1 and mode 2 using the oscilloscope. The FWHM by the oscilloscope was almost the same as the PMT response time. Some sub-peaks at 2∼3ns, 4∼5ns, and 6∼8ns were observed in the curves measured by the osilloscope. This indicated the after pulses of the PMT, the impedance mismatch of the electronic circuit of the PMT and the radio frequency noise of the oscilloscope synchronized to the trigger signal or the PMT pulse. These peaks might influence the late part of the fluorescence decay profile and limit the dynamic range of the averaged signals.
The fluorescence count rates estimated from the total count (area of the decay curve) and the live time (active time) of the multichannel analyzer (MCA) were 2.5, 12.8, 84.7, 253, and 360 kcps from the bottom to the top curves in figure 2, respectively. These count rates were affected by the deadtime of the instrument and thus the true count rate should be estimated as follows.
The TCSPC traces were clearly distorted due to the pile-up effect at high counting rates. The TCSPC counts only the early arriving photons and can not count the lately arriving photons in principle. Therefore, the early time part of the TCSPC curve was enhanced when multiple photons were observed in single excitation pulse. The number of photons detected in single excitation pulse, r, can be estimated by a simple model. Assuming a single exponential decay for the fluorescence decay, the observed temporal curve can be obtained as a distorted exponential decay, I(t) = a exp(−t/τ + r exp(−t/τ )), where a, τ , and r are the amplitude, the decay time and the average number of photons observed by PMT in the single excitation pulse, respectively. The TCSPC curves were well fitted by this model and the value of r for each curve is shown in figure 2 . The deadtimes of the MCA and time-to-amplitude converter does not affect the shape of the TCSPC curve. The deadtime of a constant fraction discriminator was negligible in this experiment. Therefore, the estimated value, r, can be regarded as the mean value of the true number of photons of the fluorescence detected by the PMT in a single excitation pulse. It can be noted that the true count rate can be estimated by r × f where f is the repetition rate of the excitation laser. Hereafter, this value is referred as the detected fluorescence intensity.
The fluorescence decay curves recorded by the oscilloscope are shown in figure 2 by various curves for each mode. The measurements were conducted under the same conditions as those for the TCSPC measurements. The PMT signals were averaged over 10 4 events recorded by the oscilloscope. After the measurements, the offset signals, estimated by the averaged signals at about 100ns from the time of trigger, were subtracted from the averages, and then the three separate results were averaged. The acquisition time for 10 4 events was about 2 minutes in the real time mode of the oscilloscope, and it became 10 times faster in sequential mode, although it was still slower than the minimum accumulation time determined by the repetition rate of the excitation pulses. This acquisition times were due to the limitations of the oscilloscope. Therefore, the accumulation time of the current system is not better than that by the TCSPC method.
The shapes of the fluorescence decay curves are almost independent of the detected fluorescence intensity. On the other hand, the amplitudes, that are the voltages of the decay curve, increase with increases in the detected fluorescence intensity. The amplitudes in mode 1 are much more dependent on this because it is proportional to the mean number of the photons in a single excitation pulse. On the other hand, the amplitudes in mode 2 are less dependent, because the sampling frames without detected photons were removed from the averages. With both modes, the dynamic range of the decay curve was about 1∼1.5 orders in magnitude. The dynamic range did not improved using the longer accumulation times because of the high level of the radio frequency noise. Therefore, this problem of the dynamic range of the oscilloscope method remains to be improved. These profiles were analyzed by a single exponential decay curve, I(t) = a exp(−t/τ ). The instrumental response function was ignored in this analysis. The count rate estimated by the area of the TCSPC curves, the amplitude, a, and the decay time, τ , of the decay curves measured by the oscilloscope method, are shown in figure 3 . The abscissa of figure 3 is the detected fluorescence intensity indicated by the number of photons in a single excitation pulse, r. The amplitude of mode 1 of the decay curve ( ) was proportional to the detected intensity(---). The count rate estimated from the TCSPC data (• ) was also proportional to the intensity (--), although the deviation at high intensity was attributed to the miscounting of the multiphoton detection events. In contrast, the amplitude of mode 2 ( ) was less dependent on the intensity. In this case, the amplitude can be expressed as vr/(1−exp(−r)), where v is the amplitude under the single photon region and is proportional to the mean value of the peak voltage of the photoelectron pulse from the PMT. The best fit to this is shown using (----). The measured values are well explained by this expression. The small discrepancy of the measured data must be due to the finite pulse width of the photoelectron pulse of the PMT. The amplitude of the decay curve measured by the mode 1 method using the oscilloscope can monitor the fluorescence intensity of the sample without the correction.
The decay time of the TCSPC obtained by fitting decay curves to the single exponential decay curve (• ) considerably decreased with increasing intensity because of the pile-up effect. In fact, the fitting to the model with the correction of the pileup effect yields the decay time less dependent on the intensity (• ), though a small change is still observed. The decay time obtained by the oscilloscope ( and ) are not dependent on the intensity of the detected fluorescence. The measurement uncertainty for the decay time for mode 1 was significantly large at lower intensities because of the very small amplitude of the signal as shown in figure 2. The decay time obtained by the oscilloscope was about 10% larger than that obtained by TCSPC. This larger value was because of the instantaneous response of the PMT, that is, the relatively large temporal width (∼0.65ns) and the slower component of the response curve. It can be removed by the deconvolution method. Because of the measurement uncertainty at single photon region, mode 2 measurements are preferred to obtain the decay time from the single photon region to the multiple photon region.
Here, we demonstrate the measurement of the quenching constant from the decay time. Figure 4 shows the temporal responses of the scattered excitation pulse at 380nm and the fluorescence decay of a R123 solution with different concentrations of a quencher, KI solution, using mode 2 operation of the oscilloscope. The repetition rate of the excitation was 0.4MHz in the measurements. The fluorescence decay curves (< 10ns) perfectly follow a single exponential decay and the fitting yields the decay rate, τ −1 , as shown in figure 4 ( ). The decay rate obtained by the TCSPC method is also plotted (• ). The difference in the values of the decay rate between the two methods was about 10%. The slopes of the decay rate against the KI concentration almost the same for the two methods.
It is well known that the fluorescence of rhodamine dyes are dynamically quenched by KI. In this case, the fluorescence decay rate, τ −1 , can be represented by the relationship, τ and [Q] are the decay time without the quencher, the quenching rate constant, and the quencher concentration, respectively (Lakowicz 1986) . Figure 4 shows that the decay rate of the fluorescence was linearly increased about 150% with the addition of KI up to 9.9mM. Both methods yielded a good linear relationship as expected by theory except the case for the oscilloscope method at 9.9mM of a KI concentration (slightly large value of the decay rate). The slopes give the quenching rate constants of 1.3x10 9 and 1.1x10
for the TCSPC and the oscilloscope methods, respectively. These values are in good agreement. Therefore, it is concluded that both the decay time and the relative change of it can be measured by the very fast oscilloscope as well as the conventional TCSPC method.
The critical point for the usage of the oscilloscope method is the relatively small dynamic range of the instrument. The dynamic range of about 1.5 orders of magnitude for the present study seems to be insufficient for the precise analysis of much more complex decay curves. However, the change in the decay time, which is demonstrated here, can be monitored with the oscilloscope method without considering the single photon region. In conclusion, this simplicity of this setup is a great advantage in the medical and industrial environments. The improvement of the dynamic range of the instrument is now in progress. [KI] (mM) Figure 4 . Temporal response of a 3µM R123 solution with KI titration at 0, 3.3, 6.6, and 9.9mM, recorded by the mode 2 operation. The bottom figure shows the fluorescence decay rate of the solutions with the TCSPC (• ) and mode 2 ( ). The lines (--and ---) are the best fit lines.
